discography for the diagnosis and management of patients with low-back pain were discarded. The reference lists of the remaining articles were inspected and several more relevant papers were identified. References consisting of clinical series of patients managed with discography were identified and are briefly described in Table 1 . A number of other references served as background information and are included in the bibliography.
Scientific Foundation
Discography has been used for decades for the diagnosis of lumbar intervertebral disc abnormalities in patients with low-back pain. 17, 32 Currently, discography is the only diagnostic test that has a physiological end point used in the assessment of such patients (that is, the reproduction of concordant low-back pain). 46, 60 Proponents of discography argue that the technique is more sensitive for the diagnosis of anatomical disc abnormalities and injuries than plain radiography, myelography, or MR imaging. [5] [6] [7] [8] [9] [10] Critics of discography claim that the test is not specific because morphological abnormalities do not always correlate with clinical complaints and because intradiscography pain provocation occurs in patients with lumbar pain caused by nonspinal entities. 11 Indeed, several studies have demonstrated that severe low-back pain may be elicited by discography in individuals with no prior complaints of low-back pain. 11, 13, 24 Controversy also exists as to whether discography adds any diagnostic information to the data provided by MR imaging, a sensitive and specific noninvasive test for lumbar disease. 3, 6, 9, 16, 20, 21, [25] [26] [27] 33, 34, 36, 41, 43, 45, 47, [49] [50] [51] 57 Several studies have examined the sensitivity, specificity, and predictive value of MR imaging compared with the morphological findings on discography. In a large series of patients Bernard 2 compared MR imaging and discography and reported that the PPV of an abnormal MR image for a morphologically abnormal discogram was 92%. The NPV of a normal MR image in the same series was 88%. Using T 2 -weighted MR imaging and discography to treat 101 disc levels, Schneiderman and colleagues 51 reported that MR imaging was 99% accurate in predicting abnormal morphological findings on discography. One group reported complete agreement between abnormal MR imaging findings and stage-two or stage-three disc disruption identified on CT discography (Dallas Pain Questionnaire). 37, 46 Separate small studies by Lonergan, et al., 34 and Gibson, et al., 20 noted an approximate 90% concordance rate between abnormalities identified on MR imaging and discography. Although discography may, on occasion, identify abnormalities in patients with normal MR imaging findings, the significance of these findings is unclear. Current evidence indicates that MR imaging is a very good imaging tool for the determination of abnormal disc morphology and that it avoids the expense and invasiveness of discography. 19, 29, 52 For these reasons, lumbar MR imaging is recommended as the neuroimaging study of choice for the evaluation of patients with low-back pain.
The clinical significance of MR imaging-or discography-identified morphological abnormalities of an intervertebral disc has been questioned. Both modalities are sensitive to disc abnormalities. The frequency of disc abnormalities identified by discography is quite high in patients with low-back pain. Grubb, et al., 22 reported that 78% of patients undergoing discography assessment for low-back pain had morphologically abnormal discs at one or more levels despite normal plain spine radiography and myelography. Similarly, Schwarzer and colleagues 53 described abnormal discographic findings in 39% of 92 patients evaluated for low-back pain. Park, et al., 42 also noted abnormal discographic findings in patients whose radiological evaluation for low-back pain was otherwise unremarkable. Morphologically abnormal discograms, however, have also been observed in 17 to 37% of asymptomatic patients. 13, 24, 60 In an attempt to improve the diagnostic utility of discography, Walsh and associates 60 required that discography result in the production of pain identical or very similar to the patient's usual pain complaints to be considered "positive." The authors also required that this pain response occur in association with demonstrable morphological abnormalities of the disc space in question. The severity of the patient's pain, as determined using a visual analog scale as well as observation of patient behavior, must also be severe (three of five, or six of 10 on the visual analog scale). 14, 60 The authors' description of a "positive" discogram has been adopted by most investigators and authors as a "concordant" discogram.
Several comparisons between disc morphology and concordant pain provocation during discography have been performed. These studies have revealed a discrepancy between morphological disc abnormalities and pain perception during discography. Antti-Poika and colleagues 1 reported that 13% of patients they reviewed reported pain on injection of morphologically normal discs. Millette and Melanson 38 reported that only 37% of patients with abnormal disc morphology experienced concordant pain with injection. Five percent of patients reported pain despite the presence of normal morphology. 40 Sachs, et al., 46 reported a 13% incidence of abnormal disc morphology identified by discography in which concordant pain provocation was absent in their large series. Saifudin, et al., 48 found that only anular tears could be reliably associated with the provocation of pain during discography and that other degeneration patterns were not necessarily associated with a pain response during injection. These studies indicate that disc morphology, as assessed by discography, does not adequately predict the provocation of symptomatic low-back pain. Therefore, the presence of abnormal discographydocumented morphology in the absence of a concordant pain response should not be used to justify intervention at that disc level.
Abnormal disc morphology identified on MR imaging, including loss of T 2 signal intensity, disc space collapse, modic changes, and HIZs, are commonly observed in patients evaluated for low-back pain. 9, 43 As with discography, these disc space abnormalities are also seen frequently on imaging studies obtained in asymptomatic patients. 12 The correlation of MR imaging abnormalities and pain provocation during discography has been examined in several series. Linson and Crowe 33 performed a prospective comparison of T 2 -weighted MR imaging and discography findings. They found a likelihood ratio of 30 for an abnormal MR image and concordant pain provocation during discography. In another study, Braithwaite and colleagues 6 reported that modic changes on MR images were a specific, but not necessarily sensitive, predictor of con- cordant pain provocation during discography. Weishaupt, et al., 61 found that moderate-to-severe endplate changes predicted a concordant pain response 100% of the time. In contrast, Sandhu, et al., 49 did not identify a significant relationship between modic changes on MR imaging and concordant pain responses during discography. Ito and colleagues 26 found that the absence of an HIZ had a strong likelihood (negative ratio 0.08) of predicting the absence of a pain response. Conversely, Saifuddin, et al., 47 reported that the presence of an HIZ on MR imaging was specific (96%) and predictive (likelihood ratio 6.8) of a concordant pain response during discography. Schelhas, et al., 50 reported similar findings in that the presence (positive likelihood 5.8) or absence (negative likelihood 0.002) of an HIZ on MR imaging was predictive of the presence or absence, respectively, of concordant pain during discography.
Lam and colleagues 31 performed a prospective blinded evaluation of HIZs identified on MR imaging compared with discography. They found an 87% PPV of the HIZ for the provocation of pain with discography and reported sensitivity and specificity values of 81 and 79%, respectively. Ricketson and colleagues 45 identified a significant association between the presence of an HIZ and concordant back pain during discography; however, only seven HIZs were noted. Several other studies confirmed the high NPV (94-100%) of a normal MR image for the production of a concordant pain response during discography. 25, 26, 47, 50, 55, 61 Although there are conflicting reports, the majority of evidence reported in the literature indicates that certain MR imaging findings, particularly the presence of an HIZ, are closely correlated with the provocation of discographic concordant pain in patients with low-back pain. It is also apparent that a concordant pain response is extremely uncommon in the presence of normal MR imaging findings.
The knowledge of the relative ability of one imaging study (such as MR imaging) to predict the results of another diagnostic test (such as provocative discography) is useful for the selection of diagnostic tests; however, the true litmus test is the ability of the diagnostic test to predict the outcome of treatment based on the results of the test. In the low-back pain population, fusion is often performed to treat patients with recalcitrant low-back pain. The next relevant question concerns the ability of discography or MR imaging to predict the outcome after lumbar fusion. If discography (or MR imaging) were to have an accuracy of 100% in terms of diagnosing the source of a patient's low-back pain and if successful fusion of the pathological interspace diagnosed using discography (or MR image) were 100% effective for the treatment of lowback pain, then every patient with a positive discogram (or MR image) and a successful fusion would be expected to experience relief of low-back pain. Conversely, a patient with a negative discogram (or MR image) would not experience pain relief despite a successful fusion.
To address this issue, Gill and Blumenthal 21 reported on the outcomes of 53 patients who underwent L5-S1 fusion, based primarily on concordant pain provocation during discography. They found that patients with concordant pain and abnormal MR imaging findings did well approximately 75% of the time. This success rate was compared with results obtained by the same authors in a group of patients similarly treated based on concordant pain on discography but in whom MR imaging was normal. Only half of these latter patients experienced a favorable result. There was a trend for an abnormal MR imaging study to predict functional outcome following surgery (p Ͻ 0.10). Colhoun and colleagues 15 reported an 89% favorable result following fusion in patients with abnormal disc morphology and a concordant pain response compared with a 52% favorable rate in patients with abnormal disc morphology alone. Both of these studies provide Class III medical evidence suggesting that both anatomical abnormality and a concordant pain response together are required for a discogram to have a PPV for fusion outcome after lumbar surgery.
Other authors have provided more sobering reports of outcomes following lumbar fusion when discography alone has been used as a diagnostic tool. Wetzel, et al., 62 and Knox and Chapman 30 each described surgical series in which patient selection was dependent primarily on discography. The results of both of these series are disappointing, with successful outcome rates of 35 to 46%. These results are particularly troubling given the findings by Rhyne, et al., 44 that the majority (68%) of patients with discographic concordant pain in their experience improved without surgical treatment during a 3-year follow-up period. The fusion rates and techniques may have influenced the overall results. In the series by Wetzel, et al., 62 for example, in the majority of cases believed to represent a successful fusion outcomes were satisfactory. Some authors argue that the techniques used to achieve fusion are important. For example, Derby and colleagues 18 have suggested that the elimination of motion at the pathological disc space through the use of interbody implants is important for adequate relief of discogenic pain. This hypothesis is partly based on the observation that discography can elicit pain at disc spaces within a solidly fused segment following PLF. 28 Consequently, although acceptable results following surgical treatment of discography-diagnosed low-back pain have been reported, the best medical evidence suggests that treatment of a disc in a patient with low-back pain, a positive discogram, and a normal MR imaging study is not likely to influence favorably the natural history of the pain. Discography is not, therefore, recommended for the evaluation of patients with normal MR imaging examinations of the lumbar spine.
Discography has been used as an adjunct for the study of discs associated with equivocal MR imaging findings, particularly those adjacent to clearly pathological interspaces considered for fusion. Discs that are morphologically abnormal but painless at discography may be excluded from the fusion construct. 40 Discography may also have a role in the diagnosis of painful pseudarthrosis, although the literature on this is scant. 28 Provocation of pain at disc levels that are morphologically normal on MR imaging is a contraindication for surgical (or other invasive) intervention. Discography-provoked pain at multiple disc levels in a patient with equivocal morphological findings on discography or MR imaging should raise a significant red flag for the presence of factors reported to be associated with poor surgical outcomes following lumbar fusion surgery.
4,11

Summary
Discography is an exquisitely sensitive but not specific diagnostic test for the diagnosis of discogenic low-back pain. The restriction of the definition of a positive discographic study to one that elicits concordant pain from a morphologically abnormal disc improves the definition's accuracy. Fusion surgery based on discography alone, however, is not reliably associated with clinical success. Therefore, discography is not recommended as a standalone test for treatment decisions in patients with lowback pain. Magnetic resonance imaging is a sensitive and noninvasive test for the presence of degenerative disc disease. Discography should not be attempted in patients with normal lumbar MR images. Discography appears to have a role in the evaluation of patients with low-back pain, but it is best limited to the evaluation of abnormal interspaces identified on MR imaging, the investigation of adjacent-level disc disease, and as a means to rule out cases of nonorganic pain from surgical consideration.
Directions for Future Research
A large cohort series comparing the results of discography and MR imaging for predicting the success of surgical intervention via a standardized protocol would be a valuable addition to the literature. These data would provide at least Class II evidence for the value of either imaging technique for predicting the response of a patient to a given treatment strategy.
